1. Ecosystem engineers that modify the thermal environment experienced by associated organisms might assist in the climate change adaptation of species. This depends on the ability of ecosystem engineers to persist and continue to ameliorate thermal stress under changing climatic conditions-traits that may display significant intraspecific variation.
| INTRODUCTION
Anthropogenic climate change is warming the planet and increasing the frequency and severity of extreme heat events (Kharin, Zwiers, Zhang, & Hegerl, 2007) . Organisms already living at temperatures close to their thermal maxima are most vulnerable to warming, particularly those possessing limited ability to physiologically adapt to or migrate with the changing climate (Somero, 2010) . For these organisms, microhabitats that are cooler than the surrounding environment may serve as critical refugia, enabling them to persist under otherwise unfavourable conditions and affording them more time to adapt (Scheffers, Edwards, Diesmos, Williams, & Evans, 2014) .
Abiotic features of the environment, such as topography, and biotic components, such as ecosystem engineers, can produce microhabitat refugia for associated species (Morelli et al., 2016) . Physical ecosystem engineers build structures that modify the availability of resources to, and the environmental conditions experienced by, associated organisms (Jones, Lawton, & Shachak, 1994) . Consequently, they may facilitate ecological communities in stressful environments in which they would not otherwise persist (He & Bertness, 2014;  McAfee, Cole, & Bishop, 2016) . In order to serve as refugia from a warming climate, ecosystem engineers must persist and continue to ameliorate temperature to an extent that is tolerable by associated organisms.
Ecosystem engineers may, conceivably, display considerable intraspecific variation in their ability to persist and ameliorate temperature stress under warmer conditions. Within species, individuals can vary in their thermal tolerance (Sorte, Jones, & Miller, 2011) , according to phenotypic and genetic variation in mitochondrial function (Schulte, 2015) . Further, the capacity of ecosystem engineers to ameliorate environmental stressors can vary according to intraspecific differences in their morphological traits (e.g. Harley & O'Riley, 2011; Irving & Bertness, 2009) . Body size is a potential predictor of inter-individual variation in capacity for thermal adaptation, as animal body size generally decreases with latitude (Bergmann 1847, revisited by Blackburn, Gaston, & Loder, 1999) . Whereas at low temperatures, the fast growth of ecosystem engineers may be beneficial for their formation of complex structures that ameliorate environmental stressors, at high temperatures, increased rates of mortality may offset this effect of growth on habitat formation. Studies directly assessing intraspecific variation in the capacity of ecosystem engineers to act as thermal refugia are needed.
In intertidal habitats, where mid-day low tides expose inhabitants to extreme heat and desiccation stress (Helmuth, Mieszkowska, Moore, & Hawkins, 2006) and many organisms already live at or close to their upper thermal limit (Somero, 2010) , the persistence of microhabitat refuges may be particularly critical in facilitating climate change adaptation of ecological communities. Oysters and mussels have complex shell structures that provide shading and trap moisture at low tide (Gutiérrez, Jones, Strayer, & Iribarne, 2003; McAfee et al., 2016; Silliman et al., 2011) . Among the invertebrates that live in the interstices between their shells (Cole, 2010; Summerhayes, Bishop, Leigh, & Kelaher, 2009) , many are unable to persist on intertidal shores in their absence (Silliman, Bertness, Altieri, Griffin, Bazterrica, Hidalgo, and Reyna, 2011) . On Australia's east coast, the Sydney rock oyster, Saccostrea glomerata (Gould 1850), can reduce local air temperatures on rocky shores by over 4.5°C (McAfee, Cole, and Bishop, 2016) .
Here, we compare the capacity of two populations of S. glomerata -a fast-growing and a slow-growing-to persist, grow and provide microhabitat refugia for intertidal invertebrates in a warming climate.
We use passively warmed settlement panels (see Kordas, Dudgeon, Storey, & Harley, 2015; to manipulate temperature in the field, as the warming of bare rock and resultant evaporative water loss during low-tide solar irradiation is among the major sources of stress to organisms on the mid-intertidal rocky shore (Lathlean, 2014) . We hypothesise that due to a trade-off between growth and thermal tolerance, as temperature increases, the faster-growing population will display decreased survival as compared with the slower-growing population, and lose its growth advantage, resulting in reduced habitat provision. We hypothesise that as habitat provision and oyster density decrease, so too will oyster amelioration of extreme air temperatures, resulting in fewer individuals, of fewer invertebrate species living among the faster-than the slower-growing oysters.
| MATERIALS AND METHODS

| Study system
Experiments were conducted at three sites within Port Stephens estuary, New South Wales, Australia (32.708°S, 152.19°E): Cromarty Bay (hereafter Cromarty), North Arm Cove (NAC) and Tilligerry Creek (Tilligerry). Port Stephens is located in the middle of the distribution of S. glomerata, which extends from subtropical Queensland to the temperate waters of Victoria (Nell, 2001) . Study sites had semi-diurnal tides of c. 1.5 m range, mean salinities greater than 29.7 (Wolf & Collins, 1979) , and were free of QX oyster disease (NSW DPI, 2014) .
The mean daily maximum air temperature in January 2014, the hottest month of our study, was 26.8°C, and the mean daily minimum air temperature for July 2014, the coldest month of our study, was Our experiments utilised two different breeding lines of oysters produced by the S. glomerata aquaculture industry, and sourced from nearby oyster leases in Port Stephens. The faster-growing population were the B2 breeding-line (hereafter, "fast-growing"), mass-selected for fast growth and QX disease resistance, over five generations (NSW DPI, 2014) . The slower-growing population (hereafter, "slow-growing") were hatchery spawned oysters that had not been subjected to this same selective pressure. The two populations were genetically distinct, with the selectively bred population, interestingly, of higher genetic diversity (Thompson, Stow, & Raftos, 2017 ).
| Oyster growth, survivorship, and habitat formation across a thermal gradient
To examine the effect of substrate temperature on the survivorship and growth of oyster populations, and their facilitation of invertebrates, an artificial temperature gradient was created using painted white, grey and black stone pavers (300 × 300 × 17 mm). Following 30 min of exposure to 27°C sun, the average temperature of white pavers was 26°C, of grey pavers was 30°C and of black pavers was 39°C (infrared camera, Testo i80). All paver colours produced temperatures within the natural range that S. glomerata experiences on rocky intertidal shores during summer low tides (McAfee, Cole, and Bishop, 2016) , with the white pavers of similar temperature to a rocky shore adjacent to our study site. Across its distribution, the rock type on which S. glomerata can be found ranges from pale sandstone to dark basaltic rock (D. McAfee pers. obs.). Each paver received two coats of low-sheen paint (Dulux Weathershield), and three coats of clear non-toxic pond sealer (Crommelin Waterproofing) to ensure a homogenous surface chemistry.
At each site, 18 pavers of each colour were deployed, giving a total of 54 pavers per site. Six pavers per colour were randomly selected to receive either slow-growing or fast-growing oysters, while the other six remained bare, serving as controls. Each paver assigned to an oyster treatment received 20 juvenile oysters (shell height: 14-26 mm) that were randomly positioned within the central 250 × 250 mm area of each paver. This density was within the natural range observed on nearby rocky shores (Wilkie, Bishop, & O'Connor, 2012) . Oysters were attached with non-toxic two-part marine epoxy (Vivacity Engineering) applied sparingly to the left valve to avoid thermal insulation of oysters from substrate temperatures.
In January 2014 (Austral summer), pavers were horizontally positioned on plastic commercial oyster trays (180 cm × 90 cm) at an elevation corresponding to the mean low water of neap tides.
Deployment of pavers on oyster trays ensured that each was at exactly the same tidal elevation, and subject to the same climatic conditions. Each oyster tray was enclosed with 12 mm × 12 mm wire mesh which protected juvenile oysters from predation, while minimising shading.
Protection of juvenile oysters in mesh bags is common in restoration projects (Taylor & Bushek, 2008) . Oysters at Cromarty and Tilligerry remained in the field for 12 months, but a storm destroyed the NAC site 6 months after deployment.
To assess the influence of oysters on microclimate, iButton data loggers (DS1921G; Thermodata) waterproofed with Plastidip rubber coating (Performix Brand: McAfee, Cole, and Bishop, 2016 ) monitored the surface temperature on three of the six pavers per treatment every 20 min (accuracy: 0.5°C) for the 12-month duration of the experiment.
The iButtons were positioned in the centre of pavers, in between oysters where present, and were positioned such that they measured the temperature of the substrate.
Oyster survivorship was assessed 1, 2, 3, 6, 9 and 12 months after deployment, and growth and habitat cover after 3, 6, 9 and 12 months.
The number of live oysters remaining on pavers was assessed in situ; dead oysters were easily identified from damaged, gaping or missing valves. Growth rates (mm 2 ) were assessed from photos taken directly above each paver. The outline of each oyster in the plane of the paver was traced in ImageJ and used to estimate area. Each oysters' initial area, at time 0, was subtracted from subsequent measurements to calculate growth rate. Oyster habitat cover was the percentage of a paver's upper surface covered by living oysters. This was estimated by superimposing a grid of 100 evenly spaced points over a photo and recording the habitat beneath each.
Invertebrate recruitment to pavers was determined at Cromarty only, after 12 months, due to storm damage at the other two sites (NAC after 6 months, and Tilligerry in the final month of the experiment, affecting associated communities but not measurements of the oysters themselves). At Cromarty, oysters (where present) and recruiting invertebrate communities were scraped off each plate into a plastic bag and transported to the laboratory where associated communities were separated from oysters over a 500-μm sieve. Invertebrate fauna >500 μm were identified to mixed taxonomic resolution: barnacles, bivalves, crabs and gastropods to species, amphipods and polychaetes to family and isopods to suborder. This approach does not compromise detection of treatment effects (Chapman, 1998) .
| Oyster thermal insulation
To assess whether any difference in thermal tolerance between the two oyster populations was due to differences in their thermal insulation, we measured the shell thickness of surviving oysters at Cromarty after 12 months and assessed internal tissue temperatures with biomimetic "robotic oysters" (hereafter robo-oysters) deployed on coloured pavers in September 2015. We hypothesised that due to the faster growth rate of fast-growing oysters, they would have a thinner shell than slow-growing oysters that renders them more susceptible to warming. Shell thickness was measured in the centre of the right valve, 15 mm in from the dorsal margin using outside dial callipers.
Robo-oysters were produced by placing an iButton inside an emptied oyster shell and filling it with 3M Scotchcast 2121 resin, which displays similar thermal properties to the tissue of marine molluscs (Lima & Wethey, 2009 ). Robo-oysters were produced for a juvenile (10-12 months) and an adult (20 months) age class of each of the slowand fast-growing oysters. The juvenile oysters were the smallest age class in which an iButton would fit, and had a mean (±1 SE) shell height of 51 ± 1.3 mm for each oyster type, matching the size of live oysters ~6 months after deployment. Due to the faster rate of growth of the fast-than slow-growing population, the size of the 20-month-old oysters differed between the two populations (slow-growing: 67.9 ± 2.4; fast-growing: 85.6 ± 1.9 mm). One 10-to 12-month and one 20-month robo-oyster from each population was attached to a paver (i.e. four per paver) of each colour treatment (n = 4) and deployed for 2 months.
| Shoreline recruitment experiment
In the first experiment, any difference in invertebrate recruitment among white, grey and black pavers with oysters may be a direct effect of differences in the thermal environment of pavers or alternatively an indirect effect arising from differences in oyster habitat formation. To disentangle these two pathways, a fully orthogonal experiment manipulating the amount of habitat provided by slow-growing oysters (Habitat: zero, low, medium, high) and paver colour (Colour: white, grey and black; n = 6 replicates per treatment) was established on the natural rocky shore of Cromarty Bay in January 2015. Each colour treatment received habitat treatments that were based on the number and size of slow-growing oysters remaining on white (high: 18 oysters, 60-80 mm), grey (medium: 11 oysters, 50-70 mm) and black (low: 6 oysters of 50-60 mm shell height) pavers at the conclusion of the first experiment, with the zero habitat treatment receiving no oysters. The treatments were interspersed at a mid-intertidal elevation (0.6-0.9 m above Indian Spring Low Water), at which wild oysters naturally occur.
Invertebrate colonisation was assessed 3 months later, in April 2015.
Throughout the experiment, temperature was monitored on three randomly selected pavers per treatment using waterproofed iButtons, as described above. At the end of the 3-month experiment, survivorship of oysters on each paver was assessed from damaged, gaping or disarticulated valves. The established community on each paver was scraped off and bagged, with invertebrates >500 μm assessed in the laboratory using the methods described above.
| Statistical analyses
Data were analysed using permutational analyses of variance (PERMANOVAs; Anderson, 2005) . PERMANOVAs apply the traditional ANOVA partitioning procedure to a distance matrix, but use permutations to obtain p-values (Anderson, 2005) . Although more commonly applied to multivariate data, PERMANOVAs can also analyse univariate data (Anderson, 2005) and were used here instead of ANOVAs because they do not assume data are normally distributed and allow interpretation of interaction terms within random factors (Anderson, 2005) . Univariate analyses used Euclidean distance matrices produced from untransformed data while multivariate analyses used Bray Curtis dissimilarity matrices produced following squareroot transformation of data to down-weight the influence of dominant taxa. PERMDISP analyses, conducted prior to each PERMANOVA, did not detect differences in the dispersion of data among treatments that influenced the outcome of analyses. PERMANOVAs detecting significant differences were followed by pairwise post hoc PERMANOVAs to determine the sources of the variation.
For the first experiment, comparing the capacity of the two oyster populations to provide a microhabitat refuge to invertebrates across an artificial temperature gradient, we determined the maximum temperature recorded from each paver over the duration of the experiment. Separate two-way univariate PERMANOVAs, with the factors oyster population (fixed: fast-growing, slow-growing, bare) and paver colour (fixed: white, grey, black), were run for each site due to their different experimental durations (12 months for Cromarty and Tilligerry and 6 months for NAC due to storm damage).
To assess how oyster population and paver colour affects oyster survival, growth, and habitat provision, separate three-way univariate PERMANOVAs were run for each variable, at each sampling time (1, 2, 3, 6, 9, 12 months for survival; 3, 6, 9, 12 months for growth and habitat formation). The analysis on oyster growth included oyster density as a covariate, as differential survivorship of oysters among treatments may influence resource availability for surviving individuals. Sampling times were analysed separately because (1) these were non-independent; and (2) the number of sites dropped from three to two after 6 months, due to damage to the NAC site. Two-way PERMANOVAs, with the factors oyster population (three levels) and paver colour (three levels) tested for sources of spatial variation in invertebrate: (1) community structure (multivariate); (2) abundance (univariate); and (3) taxon richness (univariate) at Cromarty after 12 months. SIMPER analysis (Primer 6) identified which taxa contributed most to multivariate differences in community structure among treatments.
Differences in shell thickness between fast-growing and slowgrowing oysters were assessed using two-way univariate PERMANOVAs, with the factors population and paver colour. Three-way PERMANOVAs (factors: population, age class and paver colour) assessed variation in the maximum temperature recorded by of robo-oysters.
To assess how, in the shoreline experiment, oyster habitat and paver colour influenced environmental amelioration and invertebrate communities two-way PERMANOVAs, with the factors paver colour (white, grey, black) and oyster habitat (bare, low, medium, high) were run. Separate analyses were run on: (1) oyster survivorship (univariate); (2) maximum temperature (univariate); (3) invertebrate community structure (multivariate); (4) invertebrate abundance (univariate); and (5) taxon richness (univariate).
To test for relationships between maximum temperatures on pavers and univariate biological variables (oyster survivorship, habitat formation, and the abundance and richness of invertebrates), and relationships between habitat formation and each of oyster survivorship and the abundance of invertebrates recruiting, we ran Spearman's rank correlations for each variable.
| RESULTS
| Oyster growth, survivorship and habitat formation across a thermal gradient
At Cromarty, but not Tilligerry or NAC, oyster population mediated the relationship between paver colour and maximum temperature (sig. Population × Colour interaction; Table S1 in Appendix S1). At Cromarty, white pavers with fast-growing oysters displayed maximum temperatures that were on average 1.3 ± 0.7°C cooler than those with slow-growing oysters or no oysters, the latter two of which did not differ. On grey pavers, maximum temperatures were 5.7 ± 1.2°C cooler on pavers with than without oysters, irrespective of the oyster population. On black pavers, maximum temperatures were significantly cooler on pavers with slow-than fast-growing oysters, by 3 ± 1.2°C, and on pavers with slow-growing than no oysters, by 6.2 ± 1.5°C, with maximum temperatures on pavers with fast-growing and no oysters also differing (post hoc test, sig. Population × Colour; Figure 1a) . At Tilligerry and NAC, maximum temperatures did not vary with oyster population (Table S1 in Appendix S1) but instead were always cooler on white than black pavers, with the grey pavers displaying intermediate temperatures that were not always statistically distinct from pavers of the other two colours (post hoc tests, sig. Colour, Table S1 in Appendix S1; Figure 1b,c) .
The growth and survivorship of both fast-and slow-growing oyster populations was generally greatest on white, intermediate on grey, and lowest on black pavers (Figure 2a,b) , although the magnitude of the colour effect varied among sites (Table S1 and S2 in Appendix S2), and differences between the grey and the white or black pavers were not always statistically significant (post hoc tests, sig. Colour × Site interaction; Figure 2a,b) . Significantly greater survivorship of slowthan fast-growing oysters was apparent after 3 months (sig. Population, and Population × Colour interaction, Table S1 in Appendix S2) with the difference generally increasing from white, to grey, to black pavers (post hoc tests, sig. Population × Colour interaction, Figure 2a ).
In general, fast-growing oysters grew significantly more than slowgrowing oysters on white pavers, whereas slow-growing oysters grew more than fast-growing oysters on black pavers, with no difference on grey pavers (sig. Population × Site × Colour interaction, Table S2 in Appendix S2; Figure 2b ). Oysters on white pavers provided greater habitat cover than those on black pavers at all sampling times, while habitat cover was intermediate on grey pavers (Figure 2c ). By the end of the experiment, slow-growing oysters provided greater habitat cover than fast-growing oysters on black pavers, whereas habitat cover was similar between populations on white and grey pavers (post hoc tests, sig. Population × Site × Colour interaction; Table S3 in Appendix S2; Figure 2c ). Overall, 26 invertebrate taxa recruited to Cromarty pavers over the 12-month deployment period (Table S1 in Appendix S3), with barnacles, gastropods and polychaetes the most speciose and abundant taxa. Across all colour treatments, 69% of invertebrates were collected from pavers with slow-growing oysters, 27% from fast-growing oyster pavers, and 4% from bare pavers (Figure 3 ).
For each paver colour, invertebrate assemblages recruiting to fast-growing or slow-growing oysters did not significantly differ, but differed from those recruiting to bare pavers (post hoc test, sig.
Habitat × Colour; Table S4 in Appendix S2). For each habitat, assemblages on white pavers differed significantly from those on grey or black, the latter two of which did not differ (Table S4 in Appendix S2).
Dissimilarity in assemblages between the two oyster populations were primarily due to crustaceans (Barnacles 18.3%; Amphipods 18.2%; Isopods 14.8%; Crabs 4.8%) and gastropods (Species: Patelloida mimula 8.3%; Bembicium auratum 6.9%: SIMPER; Figure 3c ,d,e).
On white pavers, invertebrate abundance was greater on pavers with slow-than fast-growing oysters, each of which supported more invertebrates than bare pavers (post hoc test, sig. Habitat × Colour, Table S4 in Appendix S2; Figure 3a) . On grey and black pavers, the abundance of invertebrates did not differ between the two oyster populations, each of which supported significantly more invertebrates than bare pavers (Figure 3a) . Within each habitat treatment, invertebrate abundance was F I G U R E 1 Mean (±1SE) maximum temperatures on pavers over 12 months at Cromarty Bay and Tilligerry Creek, and over 6 months at North Arm Cove, where the experiment was destroyed after 6 months. Pavers received one of three oyster population treatments (Fast, fast-growing oysters; Slow, slow-growing oysters; Bare) and were one of three colours (white, grey and black). Significant differences are described above bars, and with letters where a significant interaction was detected. n = 6 pavers per treatment F I G U R E 2 Mean (±1SE) (a) survivorship, (b) growth and (c) cover of fast-growing (circles with solid lines) and slow-growing (diamonds with dotted lines) oysters on white (white symbols), grey (grey symbols) and black (black symbols) pavers at Cromarty Bay, Tilligerry Creek and North Arm Cove. N/A = data not available at North Arm Cove as experiment was destroyed after 6 months. n = 6 pavers per treatment F I G U R E 3 Mean (±1SE) (a) total abundance and (b) taxon richness of invertebrates and abundance of (c) barnacles, (d) gastropods and (e) crustaceans (other than barnacles) recruiting to white, grey and black pavers with fast-growing oysters (Fast; dark grey bars), slow-growing oysters (Slow; light grey bars), and bare habitat (Bare; striped bars) at Cromarty Bay. Letters denote treatments that significantly differed (at α = 0.05); in (a) contrasts are provided for differences among habitat treatments within each level of colour. Contr. = the percent dissimilarity specific taxa contributed to multivariate differences in invertebrate communities among habitats. n = 6 pavers per treatment typically greatest on white pavers and lowest on black pavers (Figure 3a) .
Invertebrate taxon richness was significantly greater on slow-growing (mean ± 1 SE: 11.3 ± 1.4) than fast-growing oysters (8.2 ± 1.1), but each supported greater richness than bare habitat (1.4 ± .3; sig. Habitat: post hoc test; Table S4 in Appendix S2; Figure 3b ). Both invertebrate abundance and taxon richness were negatively correlated with maximum temperature (abundance: r s = −.92, p > .001; richness: r s = −.89, p = .001), but positively correlated with habitat cover (abundance: r s = .88, p = .019; richness: r s = .15, p = .015).
| Oyster thermal insulation
Comparisons between the shell thickness of the two oyster populations were limited to white and grey pavers, as there were insufficient oysters surviving on black pavers at the end of the experiment. There was no significant effect of paver colour on shell thickness (Table S1 in Appendix S4). Instead, slow-growing oysters had significantly thicker shells than fast-growing oysters by, on average, 0.25 ± 0.08 mm (post hoc test: sig. Population: Table S1 in Appendix S4).
Maximum temperatures recorded by robo-oysters did not vary between populations, but increased significantly from white (47.1 ± 0.4°C), to grey (50.4 ± 0.4°C), to black (51.7 ± 0.3°C) pavers (post hoc tests, sig. Colour: Table S2 in Appendix S4), and were warmer for 10-to 12-month-old (50.2 ± 0.5°C) than 20-month-old (49.2 ± 0.6°C) oysters (post hoc tests, sig. Age: Table S2 in Appendix S4).
| Shoreline recruitment experiment
The shoreline experiment confirmed that oyster cover modifies the effect of paver colour on temperature (sig. Colour × Habitat interaction; Table S1 in Appendix S5; Figure 4a ). In the absence of oysters, and at low and medium levels of oyster habitat, black pavers attained significantly hotter maximum temperatures (by up to 9°C) than white pavers (post hoc test, sig. Colour × Habitat; Figure 4a ), but at the high level of oyster habitat, there was no significant difference between white and black pavers (Figure 4a ). Maximum temperatures on grey pavers did not significantly differ from those on black pavers at any density and were significantly hotter than white pavers at all oyster densities except the bare pavers (Figure 4a ). On the black pavers, maximum temperatures increased significantly from pavers with high oyster cover, to low and medium cover (which did not differ), to no cover (i.e. bare, Figure 4a ). In contrast, the density of oyster habitat had only weak effects on temperatures on white or grey pavers (Figure 4a ).
Despite this, there was no significant interaction between paver colour and oyster habitat on oyster survivorship, invertebrate abundance or taxon richness (Table S1 in Appendix S5). Instead, the proportion of oysters surviving responded only to paver colour, being greater on white pavers (0.62 ± 0.09) than grey (0.31 ± 0.09) or black (0.23 ± 0.07) (sig. Colour effect: post hoc tests; Table S1 in Appendix S5). The abundance and richness of invertebrates, conversely, responded significantly to oyster habitat but not paver colour (sig. Habitat effect; Table S1 in Appendix S5, Figure 4c ,d).
Abundance increased with oyster habitat cover (post hoc tests: sig.
Habitat, Figure 4c) , and of the 41 sampled taxon in the shoreline experiment (Table S1 in Appendix S6), only B. auratum was recorded on bare habitat, increasing from an average (±1 SE) of 4 (±1.3) on bare pavers to 44 (±4.9), 87 (±3.7) and 128 (±6.8) on low, medium and high oyster habitat, respectively. Taxon richness increased from bare (0.72 ± 0.05), to low (5.6 ± 0.14) and medium densities (6.3 ± 0.2), to high density (8.7 ± 0.1: post hoc tests: sig. Density, Figure 4d ).
Oyster survival was negatively correlated with maximum temperature (r s = −.85, p = .003), as was the abundance (r s = −.62, p = .030) and richness (r s = −.89, p < .001) of recruiting invertebrates. F I G U R E 4 Mean (±1SE) (a) maximum temperature, (b) oyster survivorship, (c) invertebrate abundance and (d) invertebrate species on pavers varying in colour (white, grey, black) and amount of oyster habitat (bare, low, medium, high) positioned on a rocky shoreline at Cromarty Bay. Significant differences (at α = 0.05) are described above bars, and with letters where appropriate. n = 6 pavers per treatment
| DISCUSSION
There is growing recognition that the persistence of ecosystem engineers may be critical to the climate change adaptation of associated species (Wright & Jones, 2006) , but how this role varies among populations of ecosystem engineers is not well understood. Our study demonstrated significant intraspecific variation in the capacity of the Sydney rock oyster, Saccostrea glomerata, to persist, ameliorate temperature extremes and provide habitat to invertebrates under warmer conditions. A faster-growing population displayed reduced growth and survivorship as compared to a slower-growing population when exposed to elevated temperatures. The greater survivorship of slower-growing oysters, in turn, produced a cooler microclimate which fed back to further bolster oyster survivorship. The net effect was that the slower-growing oysters supported a greater density and richness of invertebrates at high temperatures than the faster-growing oysters.
Overall, our results are suggestive of a trade-off between growth rate and thermal tolerance, with cascading effects on associated species.
| The growth-thermal tolerance trade-off
Based on the smaller body sizes of many organisms at lower than higher latitudes (Bergmann, 1847, revisited by Blackburn et al., 1999) , it has been hypothesised that organismal growth rates may trade-off with thermal tolerance. In this study, increasing temperatures compromised the performance of the faster-growing, selectively bred oysters to a greater extent than the slower-growing, non-selected oysters. Although fast-growing oysters grew 34% faster than the slowgrowing oysters on the coolest, white pavers, as the temperature on pavers increased, this pattern reversed. On the hot black pavers, not only did fast-growing oysters grow at half the rate of slow-growing oysters, but they also suffered greater rates of mortality than slowgrowing oysters. Although our study compared only two populations of oysters, these results are consistent with a trade-off between rate of growth and thermal tolerance.
Both physiological and morphological differences may contribute to the reduced thermal tolerance of the fast-growing oysters as compared with the slower-growing oysters. First, the fast-growing oysters have a higher standard metabolic rate than the slowergrowing oysters (Parker et al., 2012) , such their population presumably exists close to its physiological limit, with diminished capacity to respond to increasing temperature. Among ectotherms, such as oysters, metabolic rate directly scales with temperature such that under climate change, reductions in organismal body size would be expected unless organisms can compensate with greater food intake or reallocation of resources (Sheridan & Bickford, 2011) . Second, the thinner shells of the fast-growing oysters, which trade-off growth with shell thickening (see also Bishop & Peterson, 2006) , than the slow-growing oysters may make them less thermally insulated against temperature extremes. However, the robo-oysters did not support a difference in maximum temperatures between populations. Third, it is possible that differences in colour between fast-and slow-growing populations could also contribute to differences in their thermal tolerance by influencing heat absorption. Nevertheless, although the shell colour of bivalves is under genetic, as well as environmental control (Brake, Evans, & Langdon, 2004) , and in some species is correlated to performance traits such as growth (Wolff & Garrido, 1991) , in this study there was no detectable difference in colour between the two oyster populations.
Limited introgression of fast-growing oyster genotypes, from oyster farms or seeded reefs, into wild populations are also suggestive of a trade-off between growth rate and environmental tolerance.
Sydney rock oysters cultivated on aquaculture leases are reproductively capable and may spawn from 1 year of age, initially as males (Parker, O'Connor, Raftos, Pörtner, & Ross, 2015) . Nevertheless, preliminary studies provide no evidence of introgression of Sydney rock oyster genotypes selectively bred for fast growth and disease resistance into wild oyster populations (Thompson et al., 2017) .
Similarly, in the United States, attempts to utilise selectively bred oysters in restoration have led to negligible introgression of these genotypes into wild populations (Carlsson et al., 2008) , suggesting that these are mal-adaptive genotypes that do not persist in natural systems.
| Positive feedback between temperature amelioration and oyster density
Ecosystem engineers can reduce the thermal stress experienced by underlying or adjacent invertebrates by lowering the temperature of the substratum, its evaporative water loss, and by reducing solar radiation (Bertness & Grosholz, 1985; Lathlean, 2014; McAfee, Cole, and Bishop, 2016) . In this study, the three-dimensional structure formed by oysters led to localised amelioration of maximum temperatures by up to 6°C on the hottest, black pavers-an effect that increased with oyster density and size. Although the scale at which we manipulated oysters was small (i.e. tens of centimetres), the magnitude by which temperatures were reduced was similar to in a field survey where temperatures were compared between patches of rocky shore habitat with and without oysters (McAfee, Cole, and Bishop, 2016) .
Nevertheless, as edge effects have the potential to weaken temperature amelioration by habitat-forming species (Murcia, 1995) , it is possible that even larger effects of oysters may be seen in contiguous, as opposed to patchy, oyster habitat.
The positive relationship between oyster density and temperature amelioration, coupled with the greater survivorship of oysters at cooler temperatures, suggests a positive feedback whereby high densities of oysters facilitate greater survivorship by reducing temperatures. This phenomenon is also displayed by intertidal barnacles (Bertness, 1989) , and this confirms previous findings that heat stress on mid-intertidal rocky shores decreases with increasing amounts of occupied primary substrata (Gedan, Bernhardt, Bertness, & Leslie, 2011; Lathlean, Ayre, & Minchinton, 2012) . Our results suggest that in areas where radiant heat is the main source of temperature stress to organisms, conservation and restoration should prioritise achieving the densities of ecosystem engineers needed to trigger positive feedbacks (Jones et al., 2010 ).
| Facilitation of invertebrate communities
Undoubtedly, climate exerts a strong influence on intertidal communities (Helmuth et al., 2006) . The amelioration of heat and desiccation stress by abiotic and biotic refugia enables species to persist on exposed intertidal rocky shores, where conditions are otherwise outside their fundamental niche (McAfee, Cole, and Bishop, 2016; Silliman, Bertness, Altieri, Griffin, Bazterrica, Hidalgo, and Reyna, 2011 ). Yet, besides abiotic amelioration, aggregated bivalves can provide associated fauna with a refuge from predation (Grabowski & Powers, 2004) and physical disturbance (i.e. wave action: Stephens & Bertness, 1991) , and an enhanced surface area for grazing and attachment (Gutiérrez et al., 2003) . Although oyster survivorship was driven by temperature, when oyster density and paver colour were manipulated independently, density had a much stronger effect on invertebrate assemblages.
As expected given the generally positive relationship between biodiversity and habitat complexity (St. Pierre & Kovalenko, 2014) , within oyster populations, there was a positive relationship between the habitat cover of live oysters and invertebrate recruitment. Nevertheless, comparisons across oyster populations revealed more complex relationships. For example, on the white pavers, where the two oyster populations provided the same live cover, the slow-growing oyster habitat supported 250% the invertebrate abundance. This may be because few, larger individuals accounted for the cover provided by the faster-growing oysters, whereas more, smaller oysters accounted for the cover provided by the slower-growing oysters. These two configurations differ in the surface area they provide for invertebrate attachment and foraging, and their provision of interstitial refuges from predators and abiotic stress (Grabowski & Powers, 2004; Wilkie et al., 2012) . On the black pavers where the slow-growing oysters had a much greater live cover, the two oyster populations supported similar abundances and richnesses of invertebrates. Although all fast-growing oysters died on black pavers, the structural legacy of bivalve shells can continue to provide habitat for settling organisms after death, and disarticulation of valves may even increase surface area for invertebrate attachment (Summerhayes et al., 2009 ).
Our experimental protocol included steps to ensure that surface chemistry did not differ between white, grey and black pavers.
Nevertheless, it remains possible that differences in invertebrate recruitment among paver treatments represented a response to colour as well as to the differing thermal environment of these . Substratum colour can be an important factor influencing the settlement of benthic marine invertebrates (Pawlik, 1992) . The general pattern observed in this study of greater recruitment of species to white than black pavers is, however, the reverse to studies examining the effect of substratum colour on barnacle and algal recruitment (Caffey, 1982; Swain, Herpe, Ralston, & Tribou, 2006) , suggesting that here any effect of paver colour were driven by the thermal effect. The pavers manipulated radiant heat, but under a warming climate, thermal stress to intertidal organisms may result from interactive effects of increases in both air and water temperatures (Seabra, Wethey, Santos, Gomes, & Lima, 2016) . Nevertheless, the results indicate that intertidal communities on dark substrata, such as basaltic rock, may be more susceptible to the effects of warming than those on lighter coloured substrata.
| CONCLUSIONS
Climate-adaptation strategies are increasingly necessary as rising temperatures push the physiological limits of species (Helmuth, Mieszkowska, Moore, and Hawkins, 2006) . Provision of climate refugia will be particularly important in extreme physical environments such as the intertidal, where many species are highly vulnerable to warming because they already live at their physiological threshold (Somero, 2010) . We have shown that ecosystem engineers, such as oysters, can provide refugia from radiant heat and facilitate biodiversity. This role for oysters, however, displayed considerable intraspecific variation, adding to growing evidence that ecosystem engineering is highly sensitive not only to interspecific but also intraspecific variation in ecosystem engineer traits (Harley & O'Riley, 2011; Irving & Bertness, 2009) . Despite the ability of a faster-growing oyster population to more quickly form habitat under ambient conditions, we found that under elevated temperatures, the slower-growing population was the more effective ecosystem engineer due to its greater survivorship, likely reflecting a trade-off between growth rate and thermal tolerance. Hence, the success of climate-adaptation strategies aimed at conserving and restoring ecosystem engineers will be contingent on the identification of species and populations with high environmental resilience and associated biodiversity to ensure the persistence and value of such investments (Keppel & Wardell-Johnson, 2012) .
